An attosecond high-density electron bunch is produced by an intense short-pulse TEM 10 +TEM 01 -mode laser. The transverse ponderomotive force of the TEM 10 +TEM 01 -mode laser confines pre-accelerated electrons in the transverse direction, and at the same time the laser longitudinal electric field accelerates the electrons. Our three-dimensional particle simulations show that the pre-accelerated electrons are accelerated to a few hundreds MeV and are compressed to ~499 attoseconds with a low energy spread (~±3.5 %). The electron density of the attosecond bunch reaches ~43 times as high as the initial number density. Such the attosecond electron bunch is now available to attophysics.
The electron density distribution at t=10000λ/c on the laser axis is shown in Fig. 2 (a) in the case of γ i =2. The frequency of the longitudinal electric field is the same as the laser frequency ω, and the electrons stay in the acceleration phase of λ/2 until the laser expands. In Figs. 2 (a) and (b), two density peaks are observed, and the larger-density electron bunch in front of the laser peak point (z=10000λ) is the bunch α. The maximum density gradually decreases during the interaction, but its final value is still high enough, that is, 43 times of the initial density at the end of the laser-electron interaction. The longitudinal bunch size is also kept in ~499 attosecond even in a distant place of the order of centimeters from the laser focal point. The transverse and longitudinal bunch sizes of the electron bunch α are 4.81λ (3. The energy spread of the attosecond electron bunch α was ~±3.5 %. Such the attosecond electron bunch is now available to attophysics.
Figures 3 show the summary of the parameters study results, that is, the dependence of the electron bunch formation on γ i. We found that the high-density short-pulse electron bunch generation depends especially on the pre-accelerated electron initial energy, and that there is the optimal electron initial energy. 
Introduction
Attophysics is now open, for example, toward detection of electron motion or potential formation in an atom, novel extremely high-resolution observation and so on (1) . The productions of an attosecond electron bunch (2) - (4) and light pulse (1)(5) are intensively explored. In conjunction with attophysics, the production of high-energy electron bunch by intense short-pulse laser accelerators is also focused (5) - (14) . Recently, laser wakefield accelerators produce quasi-monoenergetic electron bunch in experiments. The laser wakefield accelerates plasma electrons and an energy spread of the accelerated electrons is about a few percent (6) - (8) . When an intense short pulse laser of the Hermite-Gaussian TEM 00 mode illuminates the electrons, the generation of the quasi-monoenergetic electron bunch was difficult, and therefore their wakefield acceleration results are very worthy for the development of the laser electron accelerator.
Here we present a new method of a generation of a high-density attosecond electron bunch by the TEM 10 +TEM 01 mode laser in vacuum. In direct electron acceleration in vacuum, it was difficult to produce high-density electron bunches, because the laser transverse ponderomotive force scatters the electrons in the perpendicular direction of the laser propagation (10) - (15) . This electron density reduction can be suppressed by a laser composed of a linear combination of the Hermite-Gaussian TEM 10 and TEM 01 modes with the orthogonal polarization (13) - (15) . The transverse electric field of the TEM 10 +TEM 01 mode laser propagating in the z direction is written by E(x, y, z, t)=E corresponds to the transverse electric field of the Hermite-Gaussian TEM 10 and TEM 01 modes, and e x and e y are the unit polarization vectors, respectively. Such the laser mode is polarized in the radial direction and has a ring-shaped intensity distribution in the transverse direction (16) (17) . When the intense short-pulse laser composed of the TEM 10 +TEM 01 mode illuminates pre-accelerated electrons in vacuum, the pre-accelerated electrons are confined by the transverse ponderomotive force transversely and at the same time the laser longitudinal electric field generated by the transverse laser field gradient accelerates the electrons in the longitudinal direction. In our recent researches (13) - (15) , we found a high-energy electron bunches are generated by the TEM 10 +TEM 01 mode laser. This paper presents that under appropriate conditions of the TEM 10 +TEM 01 mode laser and the pre-accelerated electrons, the longitudinal laser electric field compresses the pre-accelerated electrons in the longitudinal direction into an attosecond pulse from an initial size of a few hundreds femtoseconds; the high-density short-pulse electron bunch generation depends especially on the pre-accelerated electron initial energy, and we found that there is the optimal electron initial energy. This paper also shows that an energy spread of the attosecond electron bunch is ~±3.5 % with a higher density of a few ten times of the initial electron density. The generation of the high-density attosecond electron bunch in vacuum is firstly reported in this paper.
Calculation Model and Expressions for the Fields
The transverse and longitudinal electric fields of the TEM 10 +TEM 01 mode laser pulse are written by (18) where
laser, E 0 is the amplitude of the electric field, w 0 is the minimum laser spot size, z 0 is the focal point of the laser, c is the light velocity, k is the wave number of the laser, ω is the angular frequency of the laser, L z is the laser pulse length, and λ is the laser wave length of 0.8 [µm] in this paper.
In our calculations, we perform three-dimensional particle simulations using the relativistic equation of motion with a radiation damping effect (20) . When the electrons receive a strong acceleration, they radiate their energy partly. This effect is called the radiation damping effect. The relativistic equation of motion is written as Here P is the electron momentum, β the electron velocity in the unit of c and f the radiation damping effect. Equation (4) is solved by the fourth-order Runge-Kutta scheme. From a time-averaged ponderomotive potential model, the longitudinal ponderomotive force is written by , and the electron bunch sizes in the radial and longitudinal directions are 1.5w 0 and 30L z , respectively. Here w 0 is the laser spot size at the focal point. The electron number of the initial bunch is N i =20000, and its density is n i~2 .56×10 12 [cm -3 ].
Attosecond Electron Bunch Generation
In our study, we performed three-dimensional particle simulations. A cylindrical pre-accelerated electron bunch with the initial density of n i is illuminated by the intense short-pulse laser composed of the TEM 10 +TEM 01 mode (a 0 =9, λ=0.8 µm, w 0 =15λ L z =5λ and E=28 J). Here a 0 =eE 0 /(m e ωc) is the dimensionless factor of the laser field, e and m e are the electron charge and the electron rest mass, respectively, and E is the total laser input energy. The center of the laser pulse coincides with the center of the pre-accelerated electron bunch at the time of t=0. The laser electric and magnetic fields are given by the paraxial approximation (18) (19) , as shown in Section 2. The calculations start at t= -10000λ/c. The results show that electrons, distributed in a rather wide region initially, are gathered and compressed to form the high-density attosecond electron bunch. n i is the initial electron density electron accelerated and confined by the TEM 10 +TEM 01 mode laser. At the initial time, the electron exists at (x i , y i , z i )=(-2.7λ, -7.2λ, -9819λ) and moves in the z direction with the velocity of v i =(0,0,0.87c). The final energy of the accelerated electron reaches ~230 MeV. In Fig. 3 the electron is confined inside the potential well, i. e. ( )/ 2 r w z < , and is accelerated strongly near the focal point. Figure 3(d) shows that the electron is accelerated almost by the longitudinal electric field. In this electron acceleration mechanism proposed in this paper, the main acceleration component is the longitudinal electric field described by Eq. (2), but not the longitudinal ponderomotive force (13) . The electron density distribution at t=10000λ/c on the laser axis is shown in Fig. 4(a) in the case of γ i =2. The electrons have reached to the final steady state at t=10000λ/c, at which time the longitudinal electric field is less than 1 % of the field peak strength at the focal point, and the electrons become free from the influence of the laser pulse.
In the focused TEM 10 (2)) (see Fig. 3(d) ). The direction of the laser propagation is practically parallel to the electron movement direction. In this case shown in Figs. 2-4 , the electron bunch remains in the acceleration phase of the longitudinal electric field until the electrons become free from the laser field. The frequency of the longitudinal electric field is the same as the laser frequency ω, and the electrons stay in the acceleration phase of λ/2 until the laser expands. In this paper, we found that there is the optimal initial electron energy in order to produce a high-density short-pulse electron bunch. In the case shown in Figs. 2-4 the longitudinal bunch size becomes smaller than λ (see Figure 4) . A distance between the two electron bunches corresponds to λ. When the centers of the laser and the electron bunch reach to the laser focal point at t=0, the maximum density of the electron bunch accelerated by the laser longitudinal electric field is ~311 times as high as the initial one in Fig. 2(b) . The longitudinal electric field has the acceleration and deceleration phases in one laser period. When some electrons enter to the deceleration phase of the longitudinal electric field, the laser decelerates the electrons and these electrons rapidly enter to the next acceleration phase of the longitudinal electric field. In Figs As shown in Fig. 6 , the attosecond electron bunch is compressed after the focus point of the laser pulse. Figures 6 present the histories of the electrons which form the attosecond bunch by black points for γ i =1.5, 2 and 6. At the optimal value of γ i =2, the larger number of electrons are compressed and gathered to create the attosecond bunch.
For γ i < 2.0, the initial speed is too slow to form the high-density bunch. In this case the laser-electron interaction length is too short. We can assume that the interaction length is the head of the laser pulse length (~L z /2), because of the relatively large speed difference between the laser and the electrons. The interaction time between the laser and the electrons is estimated by
Here L int is the interaction length and 
Here L bf is the longitudinal electron bunch final size, which is estimated by ~2λ/5 in our simulation results. The estimated electron density n e is ~6.25n i for γ i =1.5. Figures 7 show the summary of the parameters study results, that is, the dependence of the electron bunch formation on γ i ; Figure 7 (c) also suppotrts the present estimation result for n e. Figures 7(a), (b) , (c) and (d) present the final energy density, the peak electron energy, the electron density and the FWHM of the electron bunch α versus the initial electron energy γ i , respectively. ) and (c) present the compressed electron density n e~3 11n i at t=0 and n e~1 01n i at t=5000λ/c, and supports the estimated result shown above. The density decreases gradually during the interaction, and its final value is still high enough, that is, ~43 times of the initial density at the end of the laser-electron interaction.
For γ i > 6, the initial speed is too fast. The electron speed reaches immediately ~c. The electrons cannot reach the peak acceleration phase of the laser longitudinal electric field. In this case, the accelerated electrons stay almost in one phase of the laser head, and before the electrons slip from the phase, the laser travels over the the Rayleigh length (Z R ). The electrons staying in the interval of 1λ are gathered to form the electron bunch. The Fig. 7(c) .
In our mechanism, the density of the attosecond electron bunch is proportional to the initial electron density. In the example cases shown in Figs. 2-7 , we employed that the initial density n i is 2.56×10
12 [cm -3 ] , which can be produced by conventional linear electron accelerators. Therefore it may be possible to produce the attosecond electron bunch with a higher density by another type of electron source.
Conclusions
In conclusion, a high-energy high-density attosecond electron bunch was produced by an intense short pulse laser composed of a TEM 10 +TEM 01 mode with the optimized parameter value of the initial electron energy. The energy spread of the attosecond electron bunch α was ~±3.5 % , its density was 43 times the initial electron density and its longitudinal size was 0.187 [µm], corresponding to ~499 attosecond. Such the attosecond electron bunch is now available to attophysics.
In our calculation, the radiation damping effect is also included in the relativistic equation of motion as expressed in Eq. (7). The maximum value of the radiated energy is about ∆γ rad = 1.05×10 -5 in our parameter range employed. Therefore the radiation damping effect does not have a significant effect on the electron dynamics in this paper. We have also found that the attosecond electron bunch formation depends strongly on the initial electron energy. In this paper multiple attosecond bunches (α and β) were generated, and Fig. 5(b) presented that each bunch has its own characteristic energy spectrum. Therefore one may use both the bunches or select the α bunch depending on his/her purpose. However, future works in this field should include a control method of the bunch number generated. 
